Introduction
Gallium Nitride (GaN) is a versatile semi-conductor with high thermal stability, excellent electrical and tunable optical properties making it a highly desirable basis material for multifunctional device design. With the fabrication of near-pristine GaN nanostructures, particularly nanowires (NWs), it is possible to further enhance its electromechanical properties through size-effect and create a unique synergy between semiconducting and piezoelectric properties ideal for the emerging concept of nano-piezotronics [1] [2] [3] [4] [5] [6] [7] . As such, GaN NWs are considered as key functional components in future nano-actuators, generators and nanoelectromechanical systems (NEMSs) [8] [9] [10] [11] [12] [13] . In this context, it is essential to understand the mechanical properties and behaviors of GaN NWs, especially at failure, as they delineate the reliability and robustness of the envisioned systems.
The majority of previous investigations on GaN NW mechanical responses have focused on characterizing the size-dependence of the elastic modulus and relating the elastic property alterations to the specific structures on free surfaces (or facets). For m-axis ([101 ̅ 0] oriented triangular shaped) NWs, in situ electromechanical resonance and nano-indentation has been performed to characterize the size-effect on the elasticity [14, 15] . Atomic force microscope was used to measure elastic modulus for the a-axis ( [12 ̅ 10] oriented triangular shaped) and c-axis ([0001] oriented hexagonal shaped) NWs in three point bending tests [16, 17] . Bernal et.al . [18] demonstrated (using combined in-situ MEMs tension test and MD simulations) that the elastic modulus increased with decreasing diameter for GaN NWs. The stiffening effect was attributed to the surface induced bond contraction strengthening similar to the mechanism achieved for Zinc Oxide NWs via MD studies [19] . However, discrepancy existed in the nature of the size-effect.
Initial investigation into GaN NW failure behavior was performed by Wang et.al. [20] via MD to characterize the tensile responses of all attainable growth orientations for thin sizes of 2-3 nm. Failure properties and mechanisms were found to be dependent on orientation. The brittle-toductile transition was observed in c-axis NWs between temperatures of 1500 K to 1800 K. A complementary study [21] , by the same group further examined the orientation effect on axially compressed buckling and non-linear post-buckling behavior of the thin GaN NWs. More recently, Jung et.al. [22] performed MD simulation on c-axis NW behavior at the 2-5nm size range. An unanticipated wurtzite to tetragonal phase transition was observed previous to ultimate fracture and the size dependence of fracture stress is observed. Experimentally, Brown et.al. [23] performed in-situ MEMs tension test on c-axis GaN NWs where failure by transverse fracture is found. The fracture stress falls in the range of 4.5-7.5 GPa with unexpectedly high fracture strains of 1-4%. For a-axis GaN NWs, compression test was carried out by Huang et.al. [24] utilizing TEM-SPM indenter. The results demonstrate brittle failure where fracture stresses increased from 0.21 to 1.76 GPa as diameter decreased. It is observed that dislocation slip on the {101 ̅ 0} planes (a major GaN slip system) occurred and initiated the fracture process.
Motivated by these pioneering studies, the present work aims to characterize the sizedependence of NW failure to further the mechanistic understanding of failure behaviors for GaN NWs (5-12.5nm) in the a-axis orientation. The analysis is based on MD simulations where both tensile and compressive loading is considered to observe possible asymmetry in the stress-strain relation and the deformation processes. The size-effect is characterized for critical properties and more significantly the deformation mechanisms underlining the failure behavior. Finally, sizeeffect origin is discussed through the relationship of structural features, particularly on surfaces, with the surface elastic modulus modification. Comparisons between the orientations are made to underscore the prominent role of surface structure in the diverse mechanical properties observed.
Herein, the atomistic simulation procedure and potential function used are discussed in Sec.2. The computational results and major issues are discussed in Sec. 3. The new findings are summarized in Sec.4.
Methodology
Based on experimentally observed stable structures of [12 ̅ 10] oriented (a-axis) GaN NW, the model NWs hold triangular cross-sections with bounding facets formed by the {101 ̅ 1} and (0002 ̅ ) planes ( Fig. 1 ) [18] . The characteristic size of these NWs is defined here by the cross-sectional width, b, (Fig. 1) . To facilitate the suitable capture of size effect, the mechanical responses of GaN NWs sized 5 to 12.5 nm are examined through simulated axial loading. In so, the mechanical properties discussed here will imply the [12 ̅ 10] or axial direction unless specified otherwise. Other NW dimensions are maintained at a constant ratio to b where the length, , is set as 5b and the cross-sectional height, ℎ, as ~1b (Fig. 1) .
The atomistic simulation of NW uniaxial deformation are performed via molecular dynamics (MD) and molecular statics (MS) techniques utilizing the LAMMPS software package [25] . The interaction energy is modelled by a combination of the short-range Buckingham potential and long-range Coulombic forces. Ion polarizability is represented via a massless shell model applied to the nitrogen atoms [26] . The detailed form follows:
Where is the distance between an atom pair and , , are parameters for the pair-wise interactions. The employed values are from [26] and the cut-off is set at 10Å. The long-range electrostatic energy is computed via the damped-shift method detailed in [27] :
where and are the partial charges; is the damping coefficient and the cut-off radius respectively, and the values of 0.33 and 8Å are selected based on consistency of the interaction energy, E, with the Ewald summation benchmark [27] . The validity of the Buckingham core-shell potential has been demonstrated through reproduction of elastic coefficients, phase transition prediction, native defect energy calculations and characterization of thermal-mechanical properties of c-axis GaN NWs [22, 26] . It is noted that the Stillinger-Weber (SW) potential was employed in previous GaN NW studies, which is shown to be reliable for bulk properties, mechanical behaviors, melting behavior and brittle-to-ductile transition [20, 28, 29] . In spite of the fact that these potentials can appropriately model the nanoscale GaN in different contexts, the adequate reproduction of the unique relaxation features of GaN surface has only been explicitly demonstrated for the Buckingham potential [26, 30] . Therefore, this potential is selected for GaN NWs where the fracture behavior can be sensitive to the free surface structure and properties.
The deformation of NWs from equilibrium to failure is conducted at room temperature through quasi-static tension and compression loading. Time integration is performed through the Verlet algorithm with timestep of 0.5 fs to ensure energy convergence. The NW sample is first relaxed via the conjugate gradient minimization method at 0K. The energy-minimized structured is then heated to 300K and thermalized using the Noose-Hoover thermostat in the NVT ensemble For NW Young's modulus, Y , and surface elasticity effect quantification, a MS procedure was adopted to eliminate distortions by thermal noise [31] . Here, displacement loading is applied at increments of ±0.05% and up to a total engineering strain of ±2%. The NW structure is equilibrated at zero strain and during loading by the conjugate gradient method. Subsequently, the total energy of the NW and its component layers were computed by summing the constituent atomic energies. The axial stress of the NWs is computed via the arithmetic mean of virial stress [32] , as follows:
Where is the atomic volume and is the number of atoms; and is respectively the velocity and the interaction force component in the [112 ̅ 0] direction for the i th atom. The rendering of nanowire structures are produced via the OVITO visualization software. [33] 3. Results and discussion
Tensile Behavior and Properties
For axial tensile loads, the obtained stress-strain relation is plotted in Fig. 2 for four GaN
NWs sized 5nm, 7.5nm, 10nm and 12.5nm. Across all sizes, the relation is linear at strain ≤ 2%.
At higher strains, a variable gradient is apparent where the slope decreases with rising strain (i.e., strain softening effect). The limit of this non-linear region is marked by rapid stress decrease to vanishing values characteristic of brittle fracture. Therefore, the fracture strength and strain of the a-axis NWs is defined by the maximum stress and associated strain. Evident from Fig With fracture properties of a-axis NW in tension the orientation influence on failure behavior can be observed through the comparison with the MD results for hexagonal c-axis NWs calculated via the same interaction potential [22] . For c-axis NWs it is found that decreases from 30.6 to 24.6 GPa (~20%) as the size increases from 2.26 to 4.85 nm. The trend is qualitatively similar to the one of the present work but the values are higher and its rate of change with size is substantially larger than those obtained for the a-axis NWs of larger sizes. On the other hand, similar to a-axis NWs, for c-axis also maintains a constant value of 16.9% ± 0.35%. This value is larger than 10.1% ± 0.1% of a-axis NWs which is mostly due to the phase transition observed in these ultrathin c-axis NWs. The higher fracture strength, fracture strain and the more substantial size effect on the fracture strength, derives from multiple factors including the smaller sizes considered in [22] and lattice anisotropy. Nevertheless, the most fundamental factor in the orientation effect remains the specific facet structure and associated relaxation (discussed later in Sec.3) as the phase transition and eventual fracture of NWs are initiated from the free surfaces.
Indeed, the a-axis NW facets facilitates distinct failure mechanisms. Overall, two types of failure modes are observed in the tensile tests at 300K. The first is the shear failure for the 5nm NW characterized by extensive, dislocation initiated sliding on an inclined plane ( Fig.3 a and b ). significant lattice distortions accumulate (Fig. 4 c) . The stress concentration result in the formation of cavities or nano-cracks in the region (Fig. 4 d) , which subsequently initiates cracking along a transverse (12 ̅ 10) plane and propagates throughout the NW under the tensile stress.
As shown above, a transition from shearing to cleavage fracture with size increase has been observed for a-axis GaN NWs, which is similar to the transition found in MD simulated tensile tests of cylindrical Silicon NWs [35, 36] . There, the authors demonstrated that the failure behavior of Si NWs, i.e., shearing or cleavage fracture, depends on whether crack propagation or dislocation nucleation at crack tip occurs first. In the present work, the fracture observed is always initiated by the dislocation nucleation on the surface and affects the eventual cracking within the GaN NW via intersecting slip. Concomitant, dislocation glide is observed to continue during cavity formation but cannot sweep the entire GaN NW before crack initiation. Based on these behaviors, it is the dynamics of the nucleated dislocations on the (1 ̅ 21 ̅ 2 ̅ ) and (12 ̅ 12 ̅ ) planes in accordance with GaN NW size that determines the fracture mechanisms of the NWs. Hence, a critical crosssectional size for the transition of the fracture mechanisms is also found between 5 and 7.5nm at the applied strain rate.
Compressional Behavior and Properties
The mechanical responses during axial compression are studied for GaN NWs sized 5 and 10nm. The stress-strain relations are presented in Fig. 5 for both NWs and the characteristic stages of the deformation processes are respectively shown in Figs. 6 and 7.
Examining the 5nm NW, the initial behavior in Fig. 5 is nearly linear elastic with a constant slope, which concludes at point 1 associated with the maximum stress = 27.70 GPa and strain = 5.7% and followed by a sharp stress decline. These results contrast with [21] Similar to the 5nm NW, following the onset of buckling a twinning partial dislocation ( Fig.   7a site A) nucleates on the (101 ̅ 1) facet and glides on a (12 ̅ 12) plane. However, due to the larger cross sectional size and the higher critical buckling load, before it can sweep through the entire cross section, the second partial dislocation nucleates (Fig. 7a site B) and glides on an intersecting
(1 ̅ 21 ̅ 2) plane. Although the initial intersecting partial dislocation glides do not mutually impede, the subsequent deformation twinning along generated stacking faults A and B is strongly inhibited by the twin intersection. Thus, evident in Fig. 7 b, only very thin (2-3 lattice layers) twinned regions are formed along the stacking faults. This is likely attributable to the opposing twinning shears, which inhibits the further propagation of the respective shear strains through the intersection region ( Fig. 7 b site C). Combined with the proximity of the intersection region and nucleation sites, twin growth by successive partial dislocation glide on adjacent (1 ̅ 21 ̅ 2) planes cannot be completed as the glide motions are obstructed near site C (Fig. 7 c) . This finally suppresses the rapid advancement of the entire twin boundary.
In the high strain rate and low temperature regime of the current study, twinning in general is common for metallic systems in which the twinning via the {12 ̅ 12}〈12 ̅ 13〉 system is wellknown in compression of hexagonal-close-packed metals [37, 38] . Twinning dominated deformation in semiconductors has also been reported for bulk material [39] [40] [41] and microstructure [42] . Nevertheless, twinning on GaN pyramidal planes is unexpected as the indentation of mesoscale a-axis GaN NWs by Huang et.al. [24] mainly observes dislocation slip on the {101 ̅ 0} and (011 ̅ 1 ̅ ) prismatic planes. Indeed, as shown in [34] , the generalized stacking fault energy (GSFE) is relatively high on both the glide and shuffle-set pyramidal planes. Thus, the twinning achieved on GaN pyramidal planes could result from the fact that, under high compressive stress, the preferred slip system can shift in pristine nanostructures due to the higher tolerance of inter-planar distance reduction. For instance, it has been found for Si NWs in [37] that, a transition from the commonly observed {111} slip planes is driven by the dramatic GSFE reduction for the unconventional 〈01 ̅ 1〉{011} slip system when compressed. Another vital factor to consider is that the deformation mechanisms are dominantly surface driven. Therefore, the synthesis specific defects and environment dependent microstructures of experimental NW facets become pivotal. For Si NWs, the activated slip plane is shown to strongly prefer planes directly intersecting the existing surface steps [43] . It is also well known that semi-conductor nanostructures are often coated by a thin amorphous or oxide surface layers [44, 45] and that enviromental factors such as moisture content will modify the surface lattice structure as exemplifed in ZnO [46] . As such, since the present facets have idealized smoothness and factoring in the existence of planar defects in the NWs of [24] , the difference in the preferred slip system activated and to an extent the overall compression deformation mechanism can be rationalized as compared to experimental findings.
It is worth mentioning that in previous MD study [21] shows that the long NWs is defined by l/h > 6 in [21] which is smaller than the corresponding value around 10 found in this work. Such difference can be attributable to the different crosssectional sizes and/or interatomic potentials considered in the two studies.
Orientation Effect on Size Dependent Young's Modulus
As observed from the tensile stress-strain relations, failure properties size-dependence is a direct result of the higher Young's modulus in smaller NWs. Therefore, its physical origins can be established through an examination of size-effect on elastic behavior. To this end, the overall Young's modulus of the NWs, Y , is computed in the following procedure. The total energy ( ) to axial strain ( ) relation is first plotted and its functional form is established by polynomial fitting. Then, Y and Y are evaluated for each NW size by taking the second derivative of with respect to :
where 0 denotes the nominal volume of the initial energy minimized NW structure. For 0 evaluations, significant uncertainties exist due to the ambiguity in measuring characteristic sizes of low-dimensional structures. As shown in our previous study [47] , different size definitions may lead to a reversed trend of the overall elastic modulus of GaN NWs. To ensure the selected characteristic size (i.e. cross sectional width, b) can be used to properly characterize Y , an effective axial elastic modulus (S ) defined in Eq.2 is also computed for the NW (S ) and its component layers (S ). This equivalent elastic modulus is independent of the effective volume and thus, can be used as a reference to provide consistency in the selected effective width and associated Young's modulus.
Here, as the stoichiometric ratio is maintained within each NW or its component layers, in
Eq. 2 is normalized by Nd, the number of Ga-N dimer or formula unit, instead of Vo, to give the To provide insight into the obtained trend, radial distributions of defined in Eq.2 are constructed by calculating of each layer (S , i = 1 to n) of the NWs. From Fig. 9 , a dramatic increase of the surface moduli S of ~19% from S is exhibited by all sizes considered while S (i =1,2,..n-1) of inner layers decreases monotonically by 0.1 to 2.7% relative to S . This distribution of the elastic modulus is found to be qualitatively similar to the one obtained for ZnO NWs [48] . Specifically, the type of size-dependence of Ynw for GaN NW originates from the net effect of (1) a dominant surface elasticity effect arising from the combined bond-contraction strengthening and bond-loss softening, and (2) the minor effect of the interior non-linearity [49] .
Since surface modulus is significantly elevated for a-axis GaN NWs, a corresponding stiffening
Ynw size-dependence is achieved. The size-dependent elasticity is also observed in c-axis GaN NWs [18] , which is again controlled by the surface effects. However, the obtained surface modulus (S ) [47] is lower than the corresponding bulk value due to the bond-loss at the surface. This low surface modulus results in a strong softening effect on the overall Young's modulus where Y decrease with the decreasing size. This trend is opposite to the one obtained for a-axis GaN NWs.
Indeed, this observation can be corroborated by the WZ⟶TS size-dependence detailed in [22] . We Although the dependence of surface elastic modulus on facet structural relaxation is inherent to nanostructures, its impact on the elasticity size-effect trend varies across systems. As demonstrated for Copper NWs, the interior non-linearity is instead the principle effect [50] and simple accounting of surface relaxation is insufficient to qualify the size-effect. This change in mechanism likely reflects the different amount of structural relaxation allowed by the metallic bonds and localized covalent bonds in semi-conductors.
Conclusions
MD simulations were performed to study the mechanical behaviors of a-axis GaN NWs (the cross-sectional < 12.5nm) subjected to axial loading. Attempts were made to explore the sizedependence of the elasticity, study the fracture mechanisms and the associated properties, and understand the distinctive features based on the surface elasticity and dislocation mobility.
In tensile tests, brittle fracture is observed for a-axis GaN NWs, where the fracture strain remains nearly a constant independent of the NW size but the fracture strength increases with the decreasing NW size due to the surface elasticity effect. Herein, dislocation initiated shearing failure is found in ultrathin NWs (the size < 5nm) on the {12 ̅ 12 ̅ } pyramidal planes. The cleavage fracture occurs for larger NWs (the size > 7.5nm), where dislocations nucleate on intersecting slip planes, i.e., (12 ̅ 12 ̅ ) and (1 ̅ 21 ̅ 2 ̅ ), and yields by cleavage along a transverse (12 ̅ 10) plane. The NW size and dynamics of the dislocations/cracks are found to be the key factors to determine the fracture mechanisms.
In the compression of the NWs, buckling is observed as the first failure mode of the NWs where the critical buckling stress and strain increases with the increasing size of the NWs. Postbuckling deformation of ultrathin NWs occurs through defect assisted deformation twinning via the {12 ̅ 12}〈112 ̅ 3〉 system, and results in tension fracture adjacent to the coherent twin boundaries where bend stresses are most concentrated. Deformation twinning also occurs for larger NWs but is inhibited by the intersection of twinned regions. Overall, the results highlight the asymmetry in behavior between tension and compression conventionally seen due to size-confinement.
Finally, MS calculations show that the Young modulus of a-axis GaN NWs increased significantly with decreasing the cross sectional size. The physical origin of the size dependence is the surface stiffening effect due to bond contraction on the {101 ̅ 1} facets. This is in contrast to the surface softening effect originating from the bond loss of the {1010} facets of c-axis GaN NWs [47] . Thus, different (or even opposite) effects of surface structure and the resulted trend of the size dependent Young's modulus and failure strength can be achieved for GaN NWs depending on the growth orientation of the NWs. 
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